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Confined linear carbon chains as a route to
bulk carbyne
Lei Shi1, Philip Rohringer1, Kazu Suenaga2, Yoshiko Niimi2, Jani Kotakoski1, Jannik C. Meyer1,
Herwig Peterlik1, MariusWanko3, Seymur Cahangirov3,4, Angel Rubio3,5, Zachary J. Lapin6,
Lukas Novotny6, Paola Ayala1,7 and Thomas Pichler1*
Strong chemical activity and extreme instability in ambient conditions characterize carbyne, an infinite sp1 hybridized carbon
chain. As a result, much less has been explored about carbyne as compared to other carbon allotropes such as fullerenes,
nanotubes and graphene. Although end-capping groups can be used to stabilize carbon chains, length limitations are still a
barrier for production, and even more so for application. We report a method for the bulk production of long acetylenic linear
carbon chains protected by thin double-walled carbon nanotubes. The synthesis of very long arrangements is confirmed by
a combination of transmission electron microscopy, X-ray diraction and (near-field) resonance Raman spectroscopy. Our
results establish a route for the bulk production of exceptionally long and stable chains composed of more than 6,000 carbon
atoms, representing an elegant forerunner towards the final goal of carbyne’s bulk production.
D ifferent kinds of allotropes can be formed from elementalcarbon owing to its spn hybridization1. Well known are di-amond and tetrahedral amorphous carbon as sp3 hybridized
solids, whereas sp2 hybridization is present in graphite, fullerenes2,
carbon nanotubes (CNTs; ref. 3) and graphene4. All of them have
been extensively investigated in recent decades. Carbyne, an infi-
nite carbon chain with sp1 hybridization, has attracted much in-
terest and significant controversy5–8 since the 1960s. Its identifi-
cation remained questionable for years9,10 until the production of
polyynes: short sp1 hybridized linear carbon arrangements with
end-capping groups. The longest reported polyynes so far consist
of 44 contiguous carbon atoms with alternating single and triple
bonds11, but the bulk synthesis of very long linear carbon chains
(LLCCs) continues to face stumbling blocks. Little is known about
the sp1 hybridization in carbyne because of its extreme instability
in ambient conditions. In fact, a longstanding study postulated the
impossibility of preparing this truly one-dimensional (1D) mate-
rial12. The same had been foreseen for graphene on account of
its thermodynamic instability, but the recent reports of feasible
synthesis routes have inspired revisiting carbyne from both the-
oretical and experimental points of view. Carbyne’s theoretically
anticipated strength, elastic modulus and stiffness are greater than
any known material, including diamond, carbon nanotubes and
graphene, and allows one to envisage new composite materials13.
Other essentially unexplored applications involve reaching the ut-
most limit in channel width for field-effect transistors (one-carbon-
atom thickness)14. The experimental research in this field has fo-
cused heavily on the synthesis of linear carbon chains (LCCs) by
different methods, among which, heavy end-capping groups have
commonly beenused for stabilization11,15,16. At the same time, single-
(SW), double-(DW) andmultiwalled (MW)CNTs have increasingly
been used as confining nanoreactors where novel one-dimensional
materials can be produced, such as short polyynes17, metal
nanowires18 and ultra-narrow graphene19. MWCNTs have been
reported as hosts of carbon nanowires with approximately 100
atoms using direct arc discharge20. DWCNTs have facilitated the
growth of short carbon chains from high-temperature treatments
of buckypaper21, as well as carbon nanowires, by promoting the
fusion of molecules such as C10H2 or adamantane22,23. Here, we have
sought to use the full potential of narrow-diameter DWCNTs both
as nanoreactors and as a tool to encapsulate and protect LLCCs. Our
procedure uses very high temperature and high vacuum (HTHV),
allowing the bulk realization of the longest LLCCs ever observed,
consisting of more than 6,000 contiguous acetylenic carbons inside
DWCNTs with ideal diameters. The high recurrence of LLCCs
inside DWCNTs (LLCCs@DWCNTs) substantiate a truly feasible
path towards the bulk-scale formation of carbyne.
Direct observations of the LLCCs by aberration-corrected
high-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy (STEM) are
summarized in Fig. 1. The HRTEM micrograph in Fig. 1a
shows a long, bent DWCNT encapsulating a carbon chain.
Taking into account that the single- and triple-bond lengths are
0.1329 and 0.1229 nm, exhibiting a calculated lattice constant
of d = 0.2558 nm, more than 200 contiguous carbon atoms are
contained within the ∼26 nm shown in Fig. 1a. This perfectly
matches our complementary bulk-scale X-ray diffraction results
revealing a lattice constant of d= 0.252 nm and an average length
of 40 nm (more than 300 carbon atoms; see Supplementary Fig. 21).
To the best of our knowledge, the LLCC in Fig. 1a is the longest
directly observed in TEM. These microscopy studies also confirm
tubes can be partially filled (Fig. 1b). Normalizing the XRD spectra
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Figure 1 | Direct observation of LLCCs@DWCNTs. a, HRTEM image of an LLCC@DWCNT with bending. The LLCC inside a DWCNT is longer than 26 nm,
which means that it consists of more than 200 contiguous carbon atoms. Inset: an enlarged part of the HRTEM image (top), a simulated HRTEM of an
LLCC@DWCNT (middle) and a molecular model of an LLCC@DWCNT (bottom). The corresponding line profiles of the experimental and a simulated
LLCC@DWCNT are shown, respectively. b, A DWCNT with partial LLCC filling. c, The line profiles at positions along the blue and red lines shown in b
represent the empty DWCNT and LLCC@DWCNT, respectively. d, STEM image of an LLCC@DWCNT. Inset: a simulated STEM image of an
LLCC@DWCNT. e, The line profiles at positions along the blue, red and green lines shown in d represent an empty DWCNT, an LLCC@DWCNT and a thin
most-inner tube@DWCNT, respectively. Scale bars, 2 nm.
with known samples, combined with the Raman results presented
below, support that more than 90% of DWCNTs with inner tube
diameters between 0.62–0.85 nm can be filled with LLCCs (for
details see Supplementary Section 7).
HRTEM simulations were also used to confirm LLCCs (inset of
Fig. 1a and Supplementary Figs 9 and 10). Comparing empty and
filled parts of aDWCNT (Fig. 1c), a peak corresponding to the LLCC
inside a DWCNT is observed. Complementary STEM studies have
beenperformed, as shown in Fig. 1d, and are in good agreementwith
the HRTEM results (see simulations in Supplementary Fig. 11 and
line profiles in Fig. 1e). The green profile (Fig. 1e) corresponds to
a triple-walled nanotube. This allows us to propose that the HTHV
nanochemical reactions form LLCCs only for DWCNTs with outer
diameters below ∼1.75 nm. For slightly thicker DWCNTs, triple-
walled CNTs are formed and significantly larger diameter tubes host
twisted carbon clusters (Supplementary Fig. 7). This establishes the
diameter as a key parameter for the growth of LLCCs. Although
HRTEM and STEM are extremely helpful, the fine structure of the
LLCCs remains elusive owing to the movement of the LLCCs inside
the DWCNTs.
To further understand the effect of confinement on the growth of
LLCCs, we performed density functional theory (DFT) calculations
with the Vienna Ab Initio simulation package (VASP; refs 24,25)
using projector augmented wave potentials26 for chains inside four
small-diameter armchair nanotubes, namely, (4,4), (5,5), (6,6) and
(7,7), with one repeating unit in the length direction. Themost stable
chain configuration is exactly straight, with alternating single and
triple bonds, with bond lengths of 1.329Å and 1.229Å, respectively.
The interaction energies between the carbon chains and the different
nanotubes are plotted in Fig. 2, and the inset shows illustrations
of the LLCC inside different CNTs. The results show that the
optimum distance between the carbon chain and the CNT is
0.3378 nm, which is very close to the optimum inter-layer distance
between graphite layers (∼0.32 nm), as predicted by the DFT-D2




























Figure 2 | Calculation of the optimum CNT diameter for LLCC
encapsulation. DFT calculations for the interaction energies between the
LLCC and dierent chirality tubes: (4,4), (5,5), (6,6) and (7,7). Inset:
illustrations of dierent LLCC@CNT structures. Notice that the distance
between the LLCC and the wall of the CNT remains similar for all host CNTs.
For the energy minimum, this distance is close to the radius of the CNT.
which means that a (5,5) nanotube with a diameter of 0.69 nm is
the optimum among the four different proposed CNTs for LLCC
growth. Assuming that the scaling between the theoretical and
experimental values of the graphite inter-layer spacing is the same
as that for the spacing between carbyne and the CNT, the predicted
optimum tube diameter is ∼0.71 nm, in very good agreement with
our experiments.
Resonance Raman spectroscopy was used to verify the optimal
DWCNT diameter and growth conditions for the bulk-yield
synthesis of LLCCs. The LLCCs exhibit a Raman active mode
named the LLCC-band20,22,28. Polyynes with fewer than 20 carbon
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Figure 3 | Raman spectra of LLCCs@DWCNTs carried out at an excitation wavelength of 568.2 nm. a, D-band, G-band and LLCC-band (green line) of a
sample annealed at 1,460◦C as compared to pristine DWCNTs (black line). b, LLCC-band line shape analysis includes four components. The green line
shows their resulting envelope, the black dotted line represents the original data. c, Area of the LLCC-band as a function of annealing temperature for
30 min annealing time. d, Area of the LLCC-band as a function of annealing time at 1,460◦C. e, RBM region for a sample annealed at 1,460◦C (green line)
as compared to pristine DWCNTs (black line). f, Schemes of our most abundant inner tube chiralities and chain configurations.
atoms have bands between 1,900 and 2,300 cm−1 (ref. 29), whereas
longer chains of about 100 atoms in MWCNTs have a response
between ∼1,825 and 1,850 cm−1 (ref. 20). For LLCCs@DWCNTs,
we observe that the DWCNTs are not damaged when the LLCCs are
formed, as confirmed by the same ratio between the defect-induced
(D-band) and graphitic mode (G-band) of pristine DWCNTs and
annealed DWCNTs containing LLCCs (see Fig. 3a). Moreover,
after annealing, a very intense LLCC-band with a fine structure
is observed at about ∼1,850 cm−1. A detailed line shape analysis
is shown in Fig. 3b. The LLCC-band was always found between
1,780 and 1,880 cm−1, concomitant with an intensity several times
larger than in any previous works on polyynes. Complementary
multi-frequency studies for these LLCCs@DWCNTs confirm a
broad resonance window of the LLCC-band, peaking at about
568 nm (see Supplementary Information).
The low energy of the Raman mode confirms that the chains are
always very long and the high mode intensity (relative to G-band)
suggests that production is feasible in bulk quantities. Although
we can not directly determine the LLCC growth yield, we show
that it depends strongly on the growth time and temperature in
high vacuum (HV). Figure 3c summarizes the changes in the
area of the LLCC-band as a function of annealing temperature.
Our HTHV method allows the synthesis of a small quantity
of LLCCs at temperatures as low as 900 ◦C. This is consistent
with reports on the fusion of linear polyynes or adamantane
molecules inside DWCNTs at similar temperatures, but those linear
structures grow in low yields that depend on their initial filling
ratio22,23. The integrated LLCC-band intensity peaks at an annealing
temperature of 1,460 ◦C. Annealing at even higher temperatures
leads to a subsequent decomposition of the LLCC@DWCNT
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Figure 4 | The temperature dependence of the LLCC-band. a, Raman spectra of LLCCs@DWCNTs measured at dierent temperatures. The spectra are
normalized to the G-band response. The inset shows the LLCC-band intensity in comparison to the G-band. b, FWHM of the individual components in the
LLCC-band as a function of temperature (blue circles). The solid line represents a model of a temperature-dependent coupling among dierent modes, the
dashed curve represents a fit to a model of a three-phonon decay.
structure. Aiming at understanding the growth kinetics of the
LLCCs, the pristine DWCNTs were also annealed in HV at the
optimal temperature of 1,460 ◦C for different durations. As observed
in Fig. 3d, the overall LLCC-band appears after five minutes of
annealing, and increases for 25min before saturating, suggesting
that the LLCC growth is complete. However, the longer chains still
continue to grow, as revealed by a line shape analysis of the LLCCs
showing that the relative intensity of lower-frequency LLCC-band
peaks continue to increase. The key to the successful growth of long
LLCCs is the ability to anneal small-diameter CNTs (protected by an
outer CNT) in HV, facilitating a stable host CNT for the growth of
the LLCC. SWCNTs with a diameter of less than ∼0.7 nm are not
stable at high temperature, and therefore very few LLCCs can be
grown inside them (see Supplementary Information).
A remaining important question is how the LLCC structure
is confined inside the tubes. This missing piece of the puzzle
can be retrieved from an analysis of the radial breathing modes
(RBMs) of the DWCNTs, depicted in Fig. 3e. DWCNTs can be
indexed by their chiralities using the Kataura plot, including a
correction term for the inter-tube distance30,31. The indexed RBM
peaks corresponding to the thin inner tubes are split and enhanced.
This is a first indication of an interaction with the LLCCs. Thinner
host tubes interact more strongly with the LLCC, and therefore
a lower-frequency Raman response is observed. This enables us
on the other hand to tentatively assign the bulk LLCC line shape
fine structure (Fig. 3b) to different chiralities of inner host tubes.
Considering the total energy of the LLCC@DWCNT, (6,4) tubes are
more prone to host longer LLCCs than (6,5) tubes. At the same
time, a (6,4) tube has a larger interaction with its encapsulated
LLCC than a (6,5) tube. Further exploring the fine structure of the
LLCC-band allows not only an estimation of the growth yield of
different LLCCs@DWCNTs through the different relative intensities
of the LLCC-bands, but also an easy comparison of the growth
yield of LLCCs between different samples. This analysis relies on
a weak van der Waals (vdW) coupling between the inner tubes
and the LLCCs, which is confirmed by analysing the temperature-
dependent Raman response of the LLCCs. The intensity and area
of the LLCC-band are both much greater at low temperatures, as
shown in Fig. 4a. The data recorded from 325 to 38K, plotted
in the inset, show the LLCC-band intensity increasing from 156%
of the G-band intensity at room temperature to 908% of the
G-band intensity at 38K. Concomitantly, it was observed that the
full-width at half-maximum (FWHM, 0) is noticeably reduced
(Fig. 4b). Normally, the temperature dependence of the FWHM can
be analysed by a classical model of anharmonic decay of optical
phonons32–34 or a model of a temperature-dependent coupling
among different modes. As shown in Fig. 4b, the anharmonic decay
does not fit our experimental results. Hence, we describe our results
by the second model, that is, a coupling of the LLCC-band to the
RBM of the inner tube. The temperature dependence of the FWHM
follows the following equation, with an activation energyEa (ref. 35).
0(T )=0(0)(1+e−Ea/kBT )
Using an activation energy of Ea=33.85meV, we find an excellent
agreement with our experimental results, as shown by the solid
line in Fig. 4b. This strongly supports the coupling of the LLCCs
to the inner tubes of the DWCNTs, and highlights the importance
of the confined nanospace with the right diameter, as introduced
above. This activation energy is also consistent with a weak vdW
interaction between the tubes and the LLCCs.
Building further on these findings, we can analyse the relative
Raman shift as a function of the inverse chain length. This
has been performed in previous studies by comparing to theory
using an empirical bond length alternation model which was
originally introduced for polyacetylene36. These previous theoretical
calculations were performed for polyynes in vacuo37–39, and agree
well with our new spin-component-scaled (SCS) MP2 ab initio
calculations for chains in vacuo (see Supplementary Fig. 22). All of
these calculations of freestanding chains have found that the Raman
shift saturates for infinitely long chains.
To analyse the Raman response with the length of very long
LLCCs, we measured several individual LLCCs@DWCNTs by near-
field Raman spectroscopy (for more details see Supplementary
Section 8). A typical atomic force microscopy (AFM) image
including two individual tubes is depicted in Fig. 5a. The Raman
spectrum of these two individual LLCC@DWCNTs include only
one respective narrow Lorentzian peak at Raman frequencies
of 1,796±1 and 1,800 ± 1 cm−1 (see Fig. 5d). Their particular
measured lengths are 290 and 190 nm, as derived from the intensity
map of the LLCCs (depicted in the colour overlay of Fig. 5a,b). The
longest observed chain had a length of 797 nm and a corresponding
Raman frequency of 1,791±1 cm−1, as shown in Fig. 5e,f. The three
LLCCs represent chain lengths between approximately 1,500 and
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Figure 5 | Comparison of the inverse length of linear carbon chains with the Raman response. a, Overlay of the near-field Raman signal of the LLCC-band
(colour) on the topographic AFM Image (greyscale). b, Raman mapping of two individual LLCCs@DWCNTs by signal filtering: 1,796 and 1,800 cm−1,
corresponding to the top and bottom tubes, respectively. c, Optical cross section for the near-field probe. d, Raman spectra of the top and bottom
LLCC@DWCNT using 647.1 nm excitation. The inset shows the fitting of the LLCC-bands by a single Lorentzian peak (black solid lines) in an extended
range. e, Near-field Raman signal on the topographic AFM image of the longest chain measured, about 800 nm in length. f, Corresponding Raman response
of this ultra-long chain at 1,791 cm−1. All scale bars are 200 nm.
more than 6,000 carbon atoms. Together with two more chains of
320 nm and 505 nm, the observed spread in the Raman frequency
of ultra-long LLCCs is 17 cm−1 (that is, between 1,787 cm−1 and
1,804 cm−1 with an uncertainty in the line position of ±1 cm−1 due
to near-field interactions). It remains inconclusive if the Raman
frequency of ultra-long chains saturates with chain length, as
reported by the existing theory of chains in vacuum, or if additional
effects of the nanotube environment need to be taken into account
(ongoing work).
Although the exact mechanism of the LLCC@DWCNT
formation through HTHV nanochemical reactions remains
unknown, our in-depth inspection of the material allows us to
suggest a model based on the confinement inside the circular
nanospace of the tubes. Considering the lowest energy principle,
carbon atoms can move inside the nanotubes from the open ends
or through the tube walls during the HV annealing process. The
tubes with diameter of ∼0.71 nm are best suited to grow LLCCs,
as slightly larger tubes tend to form spiral chains or, if the tube
diameter is too large, they no longer work as nanoreactors and
the LLCCs disintegrate. With our narrow diameter distribution of
inner tubes we are able to achieve a bulk production of LLCCs.
Annealing a mono-disperse sample of DWCNTs of an appropriate
chirality, along with an additional carbon supply, may be a route to
achieve the growth of bulk carbyne, which may then be extracted
and stabilized in different environments.
Hence, we have developed a route for truly bulk production of
LLCCs—that is, carbyne—confined inside DWCNTs. We find that
the stability of the LLCCs depends crucially on spatial confinement,
resulting in a coupling between the chains and the DWCNT host.
For long chains, and small inner tubes, this also represents an
interaction between the tubes and the chains. This suggests a
possibility to directly correlate the LLCC length to the diameter of
the inner tubes and determine the optimal diameter for the high-
yield growth of carbyne. Our longest LLCCs can be correlated to a
chain length of more than 6,000 carbon atoms, which can be seen as
the closest realization of carbyne so far.
The LLCCs grown with a high yield inside of DWCNTs are
very stable, which is of great importance for further applications.
Theoretical studies have shown that, after inserting LLCCs inside
CNTs, the LLCC@DWCNT hybrid system would show metallic
character due to charge transfer from CNTs to the LLCCs, despite
the fact that both the CNTs and LLCCs have semiconductor
638
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properties themselves40,41. Therefore, we suggest that it is possible
to control the electronic properties of the hybrid system by varying
the filling yield of LLCCs. Furthermore, quantum spin transport
in LLCCs is a promising theoretically predicted application42. As a
true 1D nanocarbon, this novel LLCC@DWCNT system could be
a candidate for nanoelectronic devices, in addition to its general
appeal in physics and chemistry. It may also be possible to extract
the LLCCs from their DWCNT host and stabilize them in a liquid
environment for further applications.
Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
DWCNT synthesis. DWCNTs were synthesized by HV (better than 10−7 mbar)
alcohol CVD. The catalysts were obtained from the mixture of ammonium iron
citrate (3 wt%) and MgO (97wt%) following ref. 43. The optimized CVD growth
was performed at 875 ◦C in an ethanol flow of∼70mbar for 30min. Typically, 0.5 g
of catalyst powder yielded tens of milligrams of DWCNTs after two subsequent
purification processes by immersion in HCl (∼37wt%) for catalyst removal and by
applying a heat treatment in air at 400 ◦C for 30min to remove the amorphous
carbon. The resulting black powder was then immersed once again in a HCl
solution to remove any residual catalysts. To remove chemically active SWNTs, a
second annealing in air for 2 h was done at 500 ◦C (ref. 43) and a thin DWCNT
buckypaper was prepared by rinsing, filtering and drying.
Synthesis of LLCCs@DWCNTs. The LLCCs were synthesized inside DWCNTs by
HTHV annealing. The pressure was lower than 8×10−7 mbar. The optimal
synthesis temperature was determined by a systematic annealing (900–1,500 ◦C) for
30min. To understand the growth process and to test the stability of the LLCCs, the
DWCNT buckypapers were also annealed at 1,460 ◦C for different time intervals
(5–1,500min).
Sample characterization. A scanning electron microscope (SEM, Zeiss Supra
55 VP) was used to observe the morphology and abundance of CNTs in the
as-grown sample.
Aberration-corrected HRTEM observations operated at 120 kV (2010F, JEOL)
were carried out to confirm the purity of the samples and to directly prove the
structure of the LLCCs@DWCNTs. STEM (Nion UltraSTEM 100) with a medium
annular dark-field detector operated at 60 kV was also used to confirm the
structure of LLCCs@DWCNTs.
The versatility of resonance Raman spectroscopy was used to study the CNTs
and LLCCs using a triple-monochromator Raman spectrometer (Dilor XY with a
liquid-nitrogen-cooled charge-coupled device (CCD) detector, 2mW laser power, a
slit width set at 200 µm and a spectral resolution of about 2 cm−1). As excitation
sources, the 568.2 nm line of a Kr+ laser and the 587.2 and 604.3 nm lines of a dye
laser (Rhodamine 6G) have been used. Low-temperature Raman spectra were
obtained with an excitation wavelength of 568.2 nm, combined with a cooling
system (Model 22C Cryodyne Cryocooler). For comparison, all the spectra were
normalized according to the intensity of the G-band.
Further near-field hyper-spectral optical imaging was used to measure the
physical length of individual chains and to correlate the physical length with the
Raman frequency shift. Samples were prepared by bath sonicating
LLCCs@DWCNTs in 1,2-dichloroethane (Sigma-Aldrich), followed by
centrifugation at 14,000g for 1 h, and then spin coating onto a glass coverslip. The
measurement details can be found in the Supplementary Section 8.
Density functional theory (DFT) calculations. To improve our understanding of
the optimal nanotube diameter for the growth of LLCCs, we performed density
functional theory calculations with the Vienna Ab Initio simulation package (VASP;
refs 24,25) using projector augmented wave potentials26. To properly describe the
Peierls distortion, we used the HSE06 hybrid functional for exchange and
correlation in our simulations44. The kinetic energy cutoff was set to 500 eV. All of
the structures were placed in a 1.5 nm× 1.5 nm simulation cell in the xy-plane,
with the length in the z-direction defined by the equilibrium length for a
two-atomic unit cell of a carbyne chain. The scheme by Monkhorst and Pack was
used to generate a 0-point centred 1×1×14 k-point mesh for the integration in
the reciprocal space45. Van der Waals interaction was taken into account by means
of the DFT-D2 method of Grimme46.
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